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Introduction

Froml stu(lies of sugar accumulation itlh tissue

slices of sugar cane storage tissue (5., 6.13) the
operation of a number of enzymes must be postulated.
Inclu(le(d among these are enzyvnes for the synthesis
and breakdo\vn of sucrose, the formation ain(l break-
(loxvn of hexose phosphiates. ani(l the interconv'ersion
of glucose an(l fructose. This paper descr-ibes the
i(lentification of mlany of these enzymes ill p)repara-
tions fromii sugar cane storage tissue.

Methods & Materials

Plaout Mlatcrials. 'Most stui(lies xvere car-rie(l out
xvith enzymle preparationis fr011i cane varieties C0281
and NCO310 which are interspecific hybrids of Sac-
charuml. Otlher cane varieties use(d in survevs for
various elnzymies are descriled in the text.

Reagenits. The follo-vilng reagents xx-ere obtained
from commercial sources suicrose-U-C''. fructose-
U_-C"4, and glucose-U-C-' n (Radiochemical Centre,
Anlershanm,), UD)P3 andl glucose-I-P (Sigma Chem-
ical Co.), UDP-glucose and UTP (Pabst labora-
tories.), analytical invertase (1Difco Laboratories,).
1-kestose (1F_fructosylsucrose'). and 6-kestose (6F_
fructosylsucrose ) xvere kindly provi(le(l by I )r. Gaagol-
ski. Fructose-U-C' 4-6-phosphate xvas p)repared by
ucubating fructose-U-C'4 ith ATP, '-g± + and
yeast hexokinase (Signia Clhenllical Co.). aild was

purifie(l by paper chromatograplhy.
Precp(ratioin of Enzyvines. Except vlhere other-

xvise indicate(d the follonwinig procedure wvas emlployed
for the extraction ailcl partial purification of elnzvilies.
The expressed juice of the rind-free tissue xvas ini-
mediately cooledl to 00. a(ljuistedI to pH 7.0 wvith 1 N
KOH, theni four volumes of saturated (NH4)2504
(pH 7.0, 40) xvas adde(l. After standing for 2 hours
aIt 0O the plrecipitated proteini xas obtaine(d by cen-
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trifugi g at 15,000 X gJ. T'he proteinV1f"I (liSfiloe(l
in a sliiall volunie of 0.01 Ai potassiuml citrate buffer
(pH 7.0 ) and dialIse(l against 2 liters of the same
bluffer for 8 hours with stirring. Insoluble material
remlainiing after (lialvsis xvas remove(l by centrifuga-
tion at 20,000 X g and the supernatant fluiid was
store(l at -15°. A simililar procedlure was use(l for
leaf an(l sheathi preparations. Protein wass dleter-
mine(l sspectroph-otonietrically (17). Invertase asso-
cilte(l with the cell (lebris was obtaine(d by homnog-
enizing the tissue for 2 miniutes in a blendor, cen-
trifuging the tissue lhomiogeniate at 2,000 X g, then
washing the resi(due 4 timiles with 10 voluimeS of (lis-
tilledl water.

Assay of Enzwymes. For stu(lies xvith radio-
active substrates, aliqIuots of reactioni mlixtuires wvere
co-chromiatographiedI on Whatman No. 1 paper wvith
unlabelledl markers using ethyl acetate: pyridine:
water (8: 2: 1) as the eluting solvent. Sucrose, glu-
cose, aan(l fructose wvere locate(l on chromatograms
by spraying wxith p-anisidline phosphate. Thle radio-
activity in indlividluial compounds Nxxas (letermine(l
either 1) (lirect countilig of the dlevelopedl spots
wXrith a Geiger-Muller tube, or by passing the chro-
matogramis through a recordling strip-counter. All
assays were at 300 an(l reaction mixtures which wvere
incubate(d for miore thani 2 hours xvere saturated with
toltuenie to prevent interference by microorganisms.

Two Iprocedlures were use(d in attemlpts to identify
sucrose phosphorylase. These involved the meas-
uremlent of sucrose-C'4 formed from frulctose-U-C'9
anid glucose-1-P, or of labelled hexoses froml sucrose-
U-C'I4 plus arsenate or plhosplhate (8). For sucrose
svnithesis reaction mixtures contaiine(d enzyme prepa-
ration., 3 to 7 mg of protein glucose-i-P. 5 gmoles;
fructose-U-C'4, 1.3 unioles (3,500,000 dpm)), an(l
potassiulmii citrate buffer (pH 6.8), 10 /moles, in a
total volumle of 0.22 ml. For sucrose phosphlorylysis
or arsenolvsis. reactioni mlixtures containedl the en-
zyme preparation. 3 to 7 ing of protein; sucrose-U-
C''. 1.3 unmoles (1.300.000 dPIpm) and1 eith1er 5 gmoles
if phlosphate or 2.5 i'miioles of arsenate an(l potassium
citrate buffer (pH 6.8 ). 10 Aloles, ill a total olunle
of 0.2 ml.

UDP-glucose-fructose transglucosylase was assay-
e(d 1 measuring the incorporation of fructose-U-C'4
int) sucrose in the piresence of UDP-glucose. Ex-
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cept where otherwise indicated reaction mixtures
contained the enzyme preparation, 2 to 3 mg of pro-
tein; fructose-U-C14, 1.3 Amoles, (3,500,000 dpm);
UDP-glucose, 0.75 umole in 0.05 M tris-HCI buffer
(pH 8.2). The total volume was 0.2 ml.

UDP-glucose pyrophosphorylase activity was de-
tected by replacing UDP-glucose with UTP. 2.5
Amoles; glucose-i-P, 5 /moles and MgCL, 2 jAmoles,
in reaction mixtures as described for UDP-glucose-
fructose transglucosylase. Activity was measured
by the formation of labelled sucrose.

Invertase activity was determined either by
measuring radioactivity in glucose and fructose
formed fronm sucrose-U-C14 or by measuring the for-
mation of reducing sugars from unlabelled sucrose
in a Technicon Auto-analyser using a modification
of the method described by Hoffman (10). For the
hydrolysis of 1-kestose by invertase, aliquots of re-

actions were chromatographed, and the sugars de-
tected with p-anisidine phosphate or silver nitrate
using the dip method. The chromatograms were

then examined in a recording reflectance densitometer
to determine the amounts of individual sugars formed.
Standard sugar solutions, chromatographed and
treated in the same manner, were used to quantitate
the method.

Results

Stucrose Phosphorylase. In the present investi-
gation we were unable to repeat observations that
sucrose phosphorylase is present in sugar cane tissue
(12, 14, 15). Preparations from immature storage
tissue of two varieties, mature storage tissue of six
varieties including canes from S. officinarum, S.

spontaneumn and hybrids, and young leaves of the
S. officinarum variety, Badila, were tested. Assays
were conducted both in the presence and absence of
tris. It will be shown in a subsequent section that
the invertase present in most preparations was com-

pletely inhibited by 0.025 M tris. Some preparations
contained a phosphatase which hydrolyzed only a

small proportion of the added glucose-i-P during
the incubation periods used.

Enzymes Involved in Sucrose Synthesis. UDP-
glucose-fructose transglucosylase is widely distributed
in plant tissues ( 1). In this investigation, the en-

zyme was isolated from sugar cane storage tissue.
Incorporation of fructose-U-C14 into sucrose was

dependent upon added UDP-glucose (table I).
When incubated for a sufficient period, UDP-glucose
was almost quantitatively converted to sucrose. Sev-
eral attempts to dletect reversal of the reaction by
supplying sucrose-U-C14 and UDP were unsuccess-

ful. However, the enzyme preparation contained
a phosphatase which rapidly hydrolyzed UDP to
UMIP, although UTP was hydrolyzed only slowly.

In separate experiments the pH optimum for
sucrose synthesis and Michaelis constant for fruc-
tose wrere deternmined. The apparent pH optimum
w^as 8.2 compared with 7.4 for the wheat germ en-

zyme. However, the sugar cane enzyme was active
over a relatively broad pH range, showing more

than 50 % of the maximum activity at pH 7.0 and
pH 9.0. The Km for fructose was calculated to be
3 x 10-?' AI. The Km for UDP-glucose was very
loNN and could not be accurately determined; the en-

zvme was saturated with respect to UDP-glucose at
1 X 10-3 M (table I). The product, sucrose, was

identified by co-chromatography with unlabeled su-

crose on paper and by hydrolysis with yeast invertase
followed by identification of the products.

When fructose was replaced by 0.3 umole of fruc-
tose-U-C'4-6-P and 0.02M KF in reaction mixtures
of the composition described for UDP-glucose-fruc-
tose transglucosylase, only about 1 % of the label
appeared in free sucrose in 1 hour. Approximately
3 % of the labeled fructose-6-P was converted to a

compound which had the properties of sucrose phos-
phate. It remained at the origin of chromatograms

able I
Sucrose Synthesis from UDP-Glucose & Frluctose

Expt. Reaction conditions* Incubation Sucrose formed
time (min) (Otmoles/reaction)

1. Standard reaction 30 0.30
"y 60 0.55

150 0.72
minus UDPG 60 0
but 0.2,mole UDPG 15 0.14
but 1.4 ,moles UDPG 30 0.29
plus 0.025 M pyrophosphate 60 0.03

2. Staiidard reaction 60 0.23
plus G-I-P, UTP, Mg++ 60 0.17
minus UDPG plus G-I-P, UTP, Mg+ + 60 0.18
minus UDPG plus G-I-P, Mg+ + 120 0
minus UDPG plus UTP, Mg+ + 120 0.051

* The composition of the standard reaction is described in the Methods and Materials section. Reactions of
experiment 1 and 2 contained 3 mg and 1.5 mg of protein respectively. Enzyme was from mature storage tissue
of variety C0281. The abbreviations UDPG for uridinediphosphoglucose and G-I-P for glucose-l-phosphate are
used in the table.

** Calculated on the basis that sucrose was equally labeled in thle glucose and fructose mieties.
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Sucrose synthesized**

,umoles/mg m,moles/g
protein-hr fr wt-hr

51
8

27
28
20
0

2
8

53
24
81
57
20
0

26
18

* Mandalay is a S. spotta'neum and Chunnee a S.
sinense, the remainder being either S. officinarum or

hlybrids. The maturity of the storage tissue is indi-
cated in brackets.

** Reactioni mlixtures were as described in 'Methods
anid Materials. Incubation time was 2 hours.

developed with the ethylacetate-pyridine-water solvenit
but moved with sucrose after treatment wvith a

thymus alkaline phosphatase preparation. After
phosphatase treatment the compound was hydlrolyzed
by invertase.

UDP-glucose-fructose transglucosylase was found
in preparations from a mature and immature storage
tissue of a nunmber of varieties of S. officinarumn and
hybrid canes (table II). Activity per mg of protein
was relatively low in immlnlature tissue extracts but
was similar to that for mature tissue when expressed
on a fresh weight of tissue basis. Activity was ab-
sent in the only S. spontaneum preparation examined.
Interference by invertase was overcome by conduct-
ing the assays in tris-HCl buffer.

Evidence wvas also obtained for UDP-glucose
pyrophosphorylase, the presence of which has been
reported in several plant tissues (11, 16). Glucose-

1-P, UTP and(l Mg+ + could replace UDP-glucose for
sucrose synthesis (table TI). One or more of these
components caused some iinhibition of the incorpora-
tion of fructose-U-C14 into sucrose in the presence of
UDP-glucose. Making allowance for this, the ac-

tivity of UDP-glucose pyrophosphorylase in the ex-

tract was at least as higlh as that for UDP-glucose-
fructose transglucosylase. Inhibition of UDP-
glucose-fructose transglucosylase by pyrophosphate
(table I) was probably (hue to break(down of UDP-
glucose via UDP-glucose pyrophosphorylase. When
UTP was omitted no labeled sucrose was formed
and activity was also very low in the absence of
Mg+ +. However sucrose synthesis was observed
when UTP, M\Ig+ + and fructose-U-C14 were supplied
without glucose-i-P. The sucrose formedl under

these conditions was equally labeled in the glucose
an(h fructose moieties. Apparently in this system
fructose was phosphorylated to fructose-6-P and the
fructose-6-P was then converted to glucose-i-P by
the action of glucose-6-P isomlerase an(d phosphoglu-

comutase. Other experiments showed that the prep-
aration contained a hexokinase which utilize(l both
ATP and UTP. When glucose-i-P was addled in
addition to UTP, Mg+ + and fructose-U-C14, there
wvas no significant incorporation of radioactivity into
the glucose moiety of sucrose. The added glucose-
1-P Nvould dilute any labeled glucose-i-P formed
from fructose.

Metabolism of Hexose Phosphates. SomIe evi-
dence for hexokinase, glucose-6-P isomerase, andc
phosphloglucomutase in mature tissue preparations has
already been described. With preparations fromii ma-
ture and immature storage tissue of three x arieties
(CO281, NCO310, & Pindar), the label fromii glucose-
U-C'4 and fructose-U-C'4 appeared in the hexose
phosphates wlhen ATP and M.lg+ + were supplied and
labeled glucose was also formed from fructose-U-C14.
\Vith the same preparations glucose and fructose
were formiie(d from fructose-U-C I 4-6-phosplhate.
These results also indicate the presence of enzymes
catalyzing the formation, interconversion, and break-
down of glucose-6-P and fructose-6-P in sugar cane
storage tissue.

Invertases. Some of the properties of ani in-
vertase from immllnature tissue of sugar cane have been
described in a preliminary report (7). This enzyme
is optimally active betweeni pH 5.0 and 5.5. Another
invertase with a pH optimum of 7.0 has inov been
isolated frolmi miiature storage tissue. These enizymes
are referredl to subsequently as the acid invertase
and the neutral invertase respectively. The pHI ac-
tivitv curves for the two invertases are shown inI
figures 1 an(I 2. Both enzymes were active over a
broad range of pH, each showing about 10 (4,' of its
maximiiumii activity at the pH optimumii for the othelr
enzymiie. Invertases w-ith activity optima near pH
5.5 vere also isolate(d fromii sugar cane leaf and(l
sheath. The two invertases had similar kmii values
for sucrose. Using a Lineweaver-Burk plot the
values obtained were 2.5 X 10-2 Al for the neutral
invertase aan(I 1.3 X 10-2 at for the acid inver-tase
(fig 3 & 4).

The neutral invertase was completely i nhibited
by 0.05 ai tris. and at 0.004 Mr inhibition was almost
80 ('4. At its pH optimlum.i the aci(l invertase was
inhlibited 25 ( by 0.05 at tris. This difference \Vas
prol)yal) due to the effect of pH onl the tris-enzvme
interaction since the aci(d invertase was inhibited
to a greater extent at pH values above its optiml1uml.

Sonme invertases cataly ze transfructosylationi re-
actions to yieldl 1-kestose and other oligosacchari(les
(2). When incubate(l with 0.5 M sucrose-U-C'4
both cane invertases catalyzed the formation of sallll
quantities of labeled comlpound wlhiclh co-chromai"tto-
graphed with 1-kestose. The radioactive area cor-
responding to 1-kestose was isolated free of sucrose
by elution from chromatograms, then treate(l wvith
yeast invertase. This treatment degradle(d Imiost of
the original compound, the radioactivity appearing
in glucose andI fructose in a 1 to 2 ratio.

Table II
(TD P-Glucose-Fructose Transglucosylase i. Storage

Tissue from Different Canes

Source on enzyme*
(cane variety) mn

C0281 (mature)
Badila (mature)
Chunnee (mature)
Fiji 28 (mature)
Fiji 10 (mature)
Mandalay (mature)
NCO310 (immature)
C0281 (immature)
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FIG. 1 (upper left). pH-activity curve for acid invertase from immature tissue of variety NCO310. Reaction
mixtures contained enzyme (0.5 mg of protein), McIlwaine phosphate-citrate buffer adjusted to the desired pH
and 15 ,umoles of sucrose-U-C14 in a final volume of 0.6 ml. Incubation time was 1 hour. The reaction was followed
by measuring the isotope in glucose and fructose.

FIG. 2 (upper right). pH-activity curve for neutral invertase from mature tissue of variety C0281. Reaction
mixtures contained enzyme (6 mg of protein), 0.2M sucrose and buffer in a total volume of 1.0 ml. Different
buffers, as indicated in the figure, were added to a final concentration of 0.05 M. Reactions were incubated for
2 hours. Activity was measured by formation of reducing sugars.

FIG. 3 (lower left). Lineweaver-Burk plot for acid invertase from immature tissue variety NCO310. Reaction
mixtures contained enzyme (0.8 mg of protein), sucrose and 0.05 M citrate buffer (pH 5.4) in a total volume of 1.0
ml. Activity was measured by the formation of reducing sugars after incubating for 1 hour.

FIG. 4 (lower right). Lineweaver-Burk plot for neutral invertase from mature tissue of variety C0281. Re-
action mixtures contained enzyme (6 mg of protein) and sucrose in 0.03 M citrate buffer (pH 7.1). The total
volume was 1.0 ml. Reactions were incubated for 2 hours then the formation of reducing sugars measured.
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B-otlh the acidl anid the neutral invertase prepara-
tions hydrolyzed 1-kestose to redlucing sugars. The
rate of hydrolysis was fromii 5 % to 10 ', of that for
sucrose. In a reaction mixture containinig the acid
invertase ain(d 0.05 At 1-kestose the hydrolysis pro(lucts
x-ere i(lelntifie(I as a mixtuire of sucrose., glucose. and
fructose after approximately 10 % of the kestose
hi.ad heen l)roken (lo\ -ii. I)uring these sttu(lies wve
fouln(d that 1-kestose illil)ite(l the hyvdrolysis ot
sucrose by the acid invertase. At 5 X 10-2 MJ 1-
kestose inhlibited the hydrolysis of 5 X 10 3M1 su-
croSe-U-C'4 hy 62 %. Sucrose hydrolysis )y the
neutral invertase was not affecte(d b1 this cn -ncentra-
tionI of 1-kestose.

Fungal invertase ( 3 ) Cataly-zes thle inc rsporationi
of labeled lhexoses into sucrose in the presence of
uinlabeled( sucrose. WVe incubated canie invertase prep-
aratiolns with either glucose-U-C14 or fructose-U-C14
in the presenice of 0.25 .m unilabeled sucrose but ob-
served lno incorporatioin of the label inito sucrose.

Invertase was detectedl in w!ashed cell residues of
immature storage tissue, obtailne(d by centrifugation
of homogenates at 2,000 X yl. WN-itlh tlhree varieties
(CO281, NCO310, & Pindar ) al)proximately 5 (' of
the total invertase of the tissue was associated wvith
the cell fragments. Thle pti optimu1m1 <mc11"I Kinll of
sucrose for thle bound invertase \\-Ls 4.4 anl-d 8 x
10-< respectivel\ comI)aredl with values of 5.3
and 1.3 X 10- 2 m for the soluble invertase obtatine(d
fromii the samle preparationis. At pH 3.4 the enzyme
showed 85 ', of its imiaximiium activitv.

Sc'Lasolial Variationl of Acid Invcrtasc. The acid
imvertase of immlllaturl-e storage tissue xhowe(d ani ill-

-4

z

r-T

M O N T H

FIG. 5. Seasonal effect onl acid inv-ertase activity of
immllature storage tissue. Enzyme xx as obtaine(d from
immature tissue (variety NCO310) of plants grown in
the same plot. The tissue was homogeinizedl thein the
expressed juice was filtered, dialv7e(d for 16 hours at

20, and assayed as describe(l in the ethods and
Materials section.

teresting seasonal variation of activity (fig 5). Fle
Ierio(l of higlhest activity correspon(le(l to the perio(l
of rapid growth. Wlhen growtth (lecline( as the
result of cooler an(l (lrier conditionxs which prevail
betweenlMay an(d October the enzyme was barely
detectable. During this period the suicrose content
of mlature tissue increased rapidly. TIhe correlation
between aci(l invertase acti vitv ai(I growth rate of
immature tissue has been examined( nmiore )recisely
using controlled environment facilities (9).

Discussion
Sucrose phosphorylase was originally iolated

from IPseudomonoas sacchar-oplhila by Hassi d and( co-
workers (8). Slhuikla an(d Prabhu ('14. 15) and
Plandva an(d Ramliakrislhllan (12) have publishedl brief
(lescriptions of enzymie preparations, fronm sugar cane
juice ancI leaves, resp)ectivelv. which apparently have
suicrose phosphorylase activit Attempts by other
workers to demionstrate its occurrenice in higlher plant
tissies were uniisuccessful ( 4. 8 ). In the presenit
inxvestigation we coul(d not demonstrate the operation
of sucrose phosphorylase in a nlulliber of sugar cane
tissue extracts, which llow%ever did contain UD1)-
glutcose-fructose tranusgiucosylase. In viewx of rie-
peate(l failure to (letect sucrose phospllorvllase activity
in sugar canie extracts. confirmatory work is lre
(luiretl to prove the l)resenlce of this enzyme in hgliher
plants.

A scheme depicting the nmetabalic transformation
of sugars associated with sugar acculllll]ation l)x
sugar cane storage tissue has been propose(l (13).
In the present paper. enzymes which catalyze mlost
of the reactions in this scheme ere i(lentifie(d ill

preplarations fromii sug.ar cane storage tissue. No
l)recise information Was obtained about the reactiolnls
leading to the formiation of the proposed sucrose (le-
rivative, termedl sucrose-X (13). hTowever somiie
storage tissue plrel)larations converte(l UDP-glucose
and friuctose-6-I' to a comiipoul(d w ith the lproperties
of sucrose phosphate. Because of the tflermnodynamic
requiremients f0or.sug.ar accumulation against a con1-
ceintration gra(lielnt we consider that UDP-glucose-
fl-uctose transglvcosv lase lhas no function in suigar
accumulation (13 Support for this view- Comlles
fromii unpublished exxperiments in w\l\ich we fouind(
that this enzyme is localized in the vascular tiSsuelt
associated 'with the storage parenchmma.

Summary
I. Enzymes believed to he operati ye in the

cyclic process of sug,ar storagre in stigar cane have
been isolated and( (lescribe(l.

II. Uridinedliphosplhoglucose-frtuctose traniglctco-
sylcase and uridine(li phosphoglucose pyrophosphoryl-
a.se were identifie(l in preparations fionm nmature and
imimiature storage tissue. There xxas evi(lence fol-
UlridIiinedipphosphogltucose-fructose-6-phllosplhate trains-
glucosvlase in sonlie prel)arations. Contrary to pre-
vioims rel)orts sucrose p)losphorylase coUbl not be iso)

A S 0 N D J F M A M J
I
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lated from sugar cane storage tissue or leaves.
III. Enzymes for the synthesis, interconversion,

and breakdown of hexose phosphates were identified
in mature and immature storage tissue.

IV. A soluble invertase with a pH optimum be-
tween 5.0 and 5.5 was isolated from immature storage
tissue. A small proportion of the total invertase of
immature tissue was associated with insoluble cell
material. The properties of the insoluble invertase
(liffered from those of the soluble invertase.

V. A soluble invertase with a pH optimum of
7.0 was present in mature storage tissue, but was not
detected in immature tissue.

VI. Both soluble invertases were inhibited by
tris (hydroxymethyl) aminomethane, the extent of
inhibition being apparently related to pH. Each
invertase formed 1-kestose from sucrose and also
hydrolyzed added 1-kestose. The inversion of su-
crose by the acid invertase wvas inhibited by added
1-kestose, but a similar effect Nvas not observed with
the invertase wvith a pH optimumii of 7.0.
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